Drug discovery depends on scientists finding compounds with molecular fingerprints similar to the target drug, or pharmacophore. A new way of improving the accuracy of molecular fingerprint folding is presented. The goal is to alleviate the growing challenge of excessively long fingerprints. This improved method generates a new shorter fingerprint that is more accurate than the basic folded fingerprint. Information gathered during preprocessing is used to determine an optimal attribute order. The most commonly used blocks of bits can then be organized and used to generate a new improved fingerprint for more optimal folding. The authors then applied the widely used Tanimoto similarity search algorithm to benchmark the results. The authors showed an improvement in the final results using this method to generate an improved fingerprint compared to other traditional folding methods.
INTRODUCTION
The U.S. pharmaceutical market generated almost half of the total sales of pharmaceuticals worldwide in 2009, and continues to grow at an expected rate of 3-5.0% [1] . The single best-selling drug's annual sales were $12.9 billion [2] . While pharmaceutical companies can enjoy the high profits from a new drug, companies also face imminent patent expirations, in which the drug formulations are subjected to generic forms. In this industry, it is critical for a pharmaceutical company to constantly innovate to develop new drugs.
As pharmaceutical companies participate in drug discovery, an enormous number of molecules are routinely assayed through a series of tests in the laboratory with the goal of creating a marketable drug. Scientists focus on understanding how a disease interacts with the body. Once this interaction is understood, biologists and chemists can alter parts of the molecule to change the effects it has. Then, a lead compound with the necessary parts for biological interaction (the pharmacophore) is described. This process is iterative to narrow down an extremely large database of molecules to a smaller more manageable list of molecules that shares the most common chemical features. These molecules need to be tested to ensure that at a specific dosage, the drug remains safe and effective, both in the lab and with test animals.
The work presented primarily focuses on the process of narrowing down the extremely large database of molecules. Given a particular drug target, each molecule has different measureable attributes (functional groups) that are used to describe a molecule in a molecular fingerprint. With the help of molecular fingerprints and existing methods, the authors have developed a more efficient and accurate screening method that better narrows the list of lead compounds.
This work focuses on shortening the molecular fingerprint while maintaining accuracy. The first step is to create, or preprocess, a list of molecular fingerprints of interest. Based on analysis of the position of its fingerprint properties from preprocessing, the authors determine an optimum sort order to best regenerate all fingerprints. However, the "optimal" attribute order is dependent on the set used, so it could be different every time depending on the fingerprints supplied.
MOLECULAR FINGERPRINT
A molecular fingerprint is a method in chemical informatics where a molecule's attributes are represented as a string of binary bits of variable length [3] . Binary encoding of these fingerprints detects a 1 for attribute presence or 0 for attribute absence [4] . A fingerprint is the simplest way for a computer to compare for similarity. Major databases that contain molecule information include Molecular Design Limited's (MDL) Available Chemical Directory (ACD), the American Chemical Societies (ACS) CAS Registry, and ChemDB.
With a list of molecular fingerprints from a single source, a target's fingerprint can be compared against all other fingerprints in the database. The results determine how similar the attributes of the fingerprints are compared to a target molecule. This informatics portion of drug discovery helps scientists to quickly narrow down their search results. Within similarity matching, algorithms are used to check by similarity coefficients. There are various algorithms for checking fingerprint similarity [5] . The algorithms result in coefficients that fall into a range of possible values, such as the range from 0 to 1 [6] . The Tanimoto method is the most widely used algorithm because of its proven superiority over other algorithms [7] .
Two advances are making molecular fingerprint comparisons more challenging. With the introduction of high throughput screening, the lists of known molecules and fingerprints are growing larger and at a faster rate. This presents a challenge to fingerprint similarity because it increases the number of possible comparisons. In addition to more comparisons, improvements in science allow each molecule to have more known attributes available for comparison. This results in longer fingerprints. Therefore, the problem is two sided. Fingerprints are longer and more numerous.
Current Solutions
To alleviate extremely long fingerprints, a technique known as "Folding" is available. This method manages to keep the important attribute information while minimizing the size of the fingerprint. The advantage to folding is that it increases information density, with the assumption that most bits of a fingerprint are expected to be zeros, and compresses more information in a single bit [8] . Therefore, each bit in the original fingerprint is related to a single attribute. In a single folded fingerprint, each bit contains data for two attributes. However, a disadvantage to folding is whenever information is folded, there will be some information lost when the data is compressed.
In practice, molecular fingerprints can be Folded multiple times. Therefore, in our experiments, our result baseline will be based upon the original fingerprints folded 1x and folded 2x.
Improved Molecular Fingerprint
The authors investigated folding further to find an alternative method that both shortened the fingerprint and maintained the molecular attribute information. The goal was to create a method that was faster than and as accurate as a linear search.
Research began by investigating accuracy in the folding methods. Data was gathered to compare how folding one time and folding two times was faster and yet still retained some accuracy compared to a linear search on the original database [9] , which was designated the "original.". Because the Tanimoto Similarity score is the most widely used method for comparison, the authors decided to use it as the benchmark similarity method to measure how accurate the search results were to the original. After this data was gathered, the authors compared how this new, modified algorithm performed against the folding benchmarks.
It was expected that the fingerprints resulting from the algorithm would be more accurate than those from the folding, but also would perform as or more rapidly than the similarity search. It was critical that at the minimum, the molecules that were present in the original fingerprint similarity results also appeared in the statistic based fingerprint result. Figure 1 shows the high level process of starting with the SDF file and ending with the Improved Fingerprint. Additionally, it shows how the other Fingerprints were created. In general, the Fingerprints were all derived from the Original Fingerprint. 
Checking the SDF File
An open source list of fingerprints was obtained. This was an appropriate approach because how fingerprints are generated can vary and is not the focus of this research. ChemDB is a readily available database of files in a structure-data file (SDF) format, which included a molecular fingerprint. ChemDB's molecular fingerprint includes values calculated from other third party applications like CORINA, OEChem, and vendor annotations [10] . The SDF file was downloaded once outside of the actual system. 11 GB of data was parsed to keep only the fingerprint in a simple CSV file format. The authors extracted only the fingerprint and wrote the data out to an intermediate file to speed up future processing of the files. When writing out to the intermediate file, the authors also wanted to ensure that all fingerprints were 1024 bits for this experiment. Any duplicates were removed to keep analysis of the fingerprint simple. The very top of the SDF file contains a mol block, which is a textual representation of the molecule that can be converted to a 2d representation via various software applications. Next, any additional properties and property values can be added as necessary. There are no guidelines stating what properties are required. The portion that the authors were most interested in was the fingerprint_1 section. This value is what the rest of the application considered as the "original" fingerprint.
Preprocess Fingerprint
The authors wanted to pre-process the original fingerprint to generate meaningful statistics on the fingerprint. Since the bits must be re-ordered in the same manner across all fingerprints, determining a bit ordering that will yield the least amount of lost information during the folding process is critical for improvement.
Split to 32 Bit Blocks
Therefore, for each of the approximately one million molecular fingerprints, the fingerprints were split up into 32 bit blocks. For the authors' experiments, 32 bits was chosen as a starting point. Since the fingerprints from the database were each 1024 bits, each fingerprint contained exactly 32 equally sized blocks. With a list of 32 bit blocks, the occurrence of each unique block was counted. It was expected that there would be an overlap of 32 bit blocks over the course of one million molecules. The final output of this step took all fingerprints available and returned a dictionary of 32 bit blocks and the number of occurrences of each of the 32 bit blocks. The dictionary was kept sorted by the highest number of occurrences. These statistics could now be utilized in a later step to generate a statistics based molecular fingerprint.
Count Attribute Occurrence
The authors then created a list of these smaller blocks of bits and counted the number of unique occurrences. This list was sorted descending by number of occurrences. The purpose of counting attribute occurrence is to determine the blocks of bits with the most number of occurrences. Though all blocks of bits are important, the authors did not want the blocks of bits that occurred less frequently to negatively weight the results. Given that the authors were analyzing a molecular fingerprint, they expected there to be an extensive list of repeated blocks of bits, since the occurrences of zeros are much higher than ones.
Determine Bit Order
Using the pre-processed list with only the highest occurrence of blocks of bits, the authors created a rule to determine a new ordering of the bits within those blocks of bits that would best improve the folding process. For this to occur, the authors wanted the two indexes with the first and second highest number of one bit occurrences to be folded together. With this reasoning, the index with the highest number of ones occurrence was placed in the most significant position, and the index with the second highest number of ones occurrence in the middle position of the block of bits. In this manner, when the blocks of bits were folded, those two bits would fold together, and no information about the attributes will be lost.
Generate Improved Fingerprint
At this step, the new improved fingerprint was generated. This process involved taking the improved bit order and applying the rule to every original fingerprint.
Order and Fold the Bits
After defining a better bit order rule, the authors created the new fingerprint. The authors took the bit re-ordering rule previously generated and applied it to the shorter blocks of bits. Next, with the new order, the block of bits was folded one time. After all the small blocks of bits from one fingerprint were reordered and folded, they were concatenated back into a new fingerprint whose length is half of the original fingerprint's length. This process was repeated to cover all blocks of bits for every fingerprint.
Run Tanimoto Similarity
The Tanimoto Similarity method and the authors' clustering method were used to determine the results for analysis. 
Obtain Fingerprints Types
Four fingerprint variations were used for comparison. The first type was the original fingerprint without any changes. For the experiment, ChemDB's free database of fingerprints was used. In total, the authors have a total of 983,626 fingerprints. In the paper, this was called the Original Fingerprint. The second fingerprint used was the Folded 1x fingerprint. To generate this fingerprint, the Original Fingerprint was taken and folded a single time to obtain a new fingerprint that was half the length of the original fingerprint's length. This method of folding is a popular way to quickly shorten a fingerprint. This was called the Folded 1x Fingerprint. The third fingerprint was the Folded 2x fingerprint. This was created when the Folded 1x Fingerprint was folded again to shorten the fingerprint by half once more. This was called the Folded 2x Fingerprint. As the results in the following sections show, the authors determined it would be unnecessary to fold the Original Fingerprint 3x given the quality of the results from the Folded 2x Fingerprint. Lastly, there was the new fingerprint, called the Improved Fingerprint. The steps on how this Improved Fingerprint was created are previously discussed in detail in Sections 4.2 and 4.3.
Run Tanimoto Similarity
With a variety of similarity comparison algorithms available, the Tanimoto Similarity algorithm was chosen since it is the most widely used and accepted similarity algorithm. A generic Tanimoto Similarity function was created which accepts a bit array of any length and returns the final similarity score between 0 and 1. 0 means the two fingerprints have little similarity and a 1 means the most similarity. Additional overhead was added to insure the incoming parameters and return values were correct. This means that the authors checked that both fingerprints were of the same length, and made sure the resulting value was truly between 0 inclusive and 1 inclusive. This additional overhead was not expected to impact the timing very much.
Cluster Resulting Data
With similarity measures from each of the various types of fingerprints, the results were categorized into various "bins" to determine how well folding one time, folding two times, and the improved fingerprint compared against the original fingerprint. Given that the similarity score was expected to be between 0 and 1, scores were placed into their respective bins, which were twenty equally sized bins with a range of 0.05. For example, a similarity score of 0.78 fell into the bin labeled 0.75 to 0.80. The resulting numbers from the binning operation was then a benchmark to determine how well each new fingerprint method improved against the original fingerprint. By comparing the data from the original fingerprint, the various folded fingerprints, and the improved fingerprint, the authors confirmed how various data affected the result of the Tanimoto Similarity algorithm. The authors experimented with various numbers of equally sized bins to determine what sized bins resulted in the most similar information (each fingerprint resembled the original fingerprint). It was decided that twenty equally sized bins would be sufficient to show improvement.
Results
Presented next are the results of the clustering operation. This includes some basic timing results along with data of clustering results.
For this experiment, a single database of fingerprints from ChemDB was obtained. As previously discussed, the original fingerprints were pre-processed. A random fingerprint was then chosen to be used as the main comparison fingerprint.
The results below are numbers from a single run of the same comparison fingerprint.
Timing Results
First, some basic timing results that show the amount of time to calculate all two million fingerprints was reviewed. What was found was that the time spent calculating the Tanimoto similarity was not any worse given each of the different fingerprint types. The amount of time spent at each fingerprint type given the length of the bit was similar and the change was negligible, all being approximately 29 ms per bit. 
Clustering Results
The clustering results are depicted in tables. The cells reflect the number of fingerprints found in each bin for each specific fingerprint type. And although many data points were displayed, scientists utilizing this information should pay attention to the best matches. In each of the sections below, the various clustered data is displayed. Due to degradation of the results, the table for Folded 2x Fingerprint was not included in this paper. It was verified that when compared to the Original Fingerprint, the Fingerprint being compared contained the Original Fingerprint. This was an indication that the Target Folding method was properly coded. Also note that the most important figures are the bin numbers closer to 1, since those show similarity to the target fingerprint. Therefore, analysis in the sections below will focus mainly on higher bins.
Original Fingerprint vs. Folded 1x Fingerprint
The results from comparing the original fingerprint to that of a folded one time fingerprint was acceptable in the most important 0.95 to 1.00 bin range. However, as shown in the very next bin from 0.90 to 0.95 and 0.85 to 0.90, the number of false positives increased. From these examples, it was seen that the Folded 1x Fingerprint's performance was less efficient than the Original Fingerprint. The difference shown here is the section where Fingerprint 1x can be improved. 
Original Fingerprint vs. Improved Fingerprint
When the improved fingerprint was compared against the original fingerprint, it was found that the first two clustered bins matched very closely with the original. In fact, it also incrementally improved on the matches in the 0.85 to 0.90 bin. This shows that the Improved Fingerprint is still not better than the Original Fingerprint, which is what the authors expected since the original fingerprint has the most bit information. What is critical is that information was not lost in our Improved Fingerprint after the fold. 
Folded 1x Fingerprint vs. Improved Fingerprint
The comparison between the improved fingerprint and the Folded 1x fingerprint was the most interesting. What could be shown was that the data between the improved fingerprint and Folded 1x Fingerprint were similar. But when the improved fingerprint was specifically compared with the Folded 1x fingerprint in the 0.85 to 0.90 bin, the improved fingerprint was 20% more accurate than the Folded 1x fingerprint. While less accuracy was seen in a few of the lower bins, this was acceptable because these values were not weighted very heavily since the similarity score was too low. Scientists will not consider the compounds within bins lower than the 0.85 -0.90 range as there are too many results to further analyze with the drug target. However, in the bins of interest stated above, a 20.5% improvement in the number of returned molecules was found. 
Future Work
There were some variables in the current experiment that were briefly tested with various lengths that may make for an interesting enhancement. By fine-tuning the combinations of variables, it would be interesting to see if additional gains in improving results can be achieved.
Further Enhanced Pre-processing Step
Another step that may further improve the algorithm is to improve the pre-processing section. Adding a reordering function to remove the very rarely used attributes of the fingerprint would improve the results. By removing the least commonly used fingerprints, the number of similarity searches performed after the pre-processing step can be reduced and each molecular fingerprint could be shorter. Additionally, by removing rarely used fingerprints, one would expect to see an improvement in the folding rate. A specific rule on determining when an attribute can be removed based on the overall pre-processed results would be critical. But more importantly, it would be interesting to find a rule that would minimize the differences in final results, but speed up the process.
Similarity Algorithm
Given that there are many other types of similarity algorithms, it is possible to try analyzing various combinations of algorithms to see if other algorithms yield different results. If some algorithm is found to perform better given certain situations, given the preprocessing phase, there may be an opportunity to allow the preprocessing algorithm to determine at run time the most appropriate algorithm to apply.
Conclusions
The authors found that partitioning into a smaller equally sized block of bits, and then reordering bits for an optimal setting did create a better result. Although the results were not optimal, it was an incremental increase on the Folded 1x Fingerprint. By dividing the fingerprint into 32 bits, the authors were able to isolate the blocks of bits that were the most common and use those to build up our new fingerprint. The improved preprocessing method reorganizes the position of the attributes to best take advantage of a fold. This improves the similarity in molecules found as compared to the lead compound. Ignoring the time spent on preprocessing, the amount of time spent calculating the similarity was the same. Additionally, the pre-processed fingerprint not only kept the relevant fingerprints from the original fingerprint results, but the result set also contained fewer false positives than both the folded 1x and folded 2x fingerprints, which is critical to any folding process. In all, there was a 20% increase in the most relevant bins. Finally, this work will further reduce the amount of time required for similarity searching with fingerprints, a sizable benefit.
